SECTION IV

QUANTITY ANALYSIS

The purpose of this chapter is to estimate the quantity of urban
runoff. The first section provides some background information

- regarding models which are used to assist in making such decisions.
Then, precipitation Patterns are analyzed to form a basis for pre-
dicting the quantity of urban runoff.

MODELING OF URBAN RUNOFF

The overall goal of urban runoff modeling is to.aid in decision

making for the abatement of water quantity and quality problems.

Thus, computer models do not provide "solutions" to problems, in and
of themselves. Rather, they serve ag useful tools to those charged
with devising such solutions. Within this context, sub-objectives of
the modeling process may be identified: planning, design, and opera-
tion. Models for the latter category are generally site-specificl, 2
and were not considered during this research study. However, numerous
models are available for planning and design purposes® * and two --
the Corps of Engineers’' Storage, Treatment, Overflow and Runoff Model
(STORM) and the USEPA Storm Water Management Model (SwMM) respectively —-
were involved intimately with the study. However, they are not unique;
several other urban runoff models are capable of similar tasks.>

Computer models are merely mathematical abstractions of the physics

of rainfall—runoff-quality processes and do not necessarily produce
accurate or even logical predictions without extensive calibration/
verification data. This is in addition to data required as model input,
such as topography, land use, rainfall, antecedent conditions, descrip-
tion of drainage system and storage~treatment facilities. Among the
principal 1965 findings of the ASCE Council on Urban Water Resources®
was the serious need for field data on rainfall-runoff—quality for
several catchments. Unfortunately, in spite of efforts by Federal (US
Geological Survey, Office of Water Resources Technology, USEPA) and
other agencies, this need still exists, especially in the area of data
for calibration/verification of urban hydrology models. For instance,
few new discharge data have been acquired on sewered catchments, using
flumes, weirs or other accurate devices rather than conversion of stage
gauge readings for determination of flow rates.’ The state-of~-the-art
in computation and simulation tools has, thus, outstripped its available
calibration/verification data base. However, current analytical tech-.
niques will necessarily rely on computer models, especially for planning
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and design purposes. Hence, the ultimate goal of acquisition of
galient field data remains worthwhile and necessary. Throughout
this section, gaps in available data for input and calibration/
verification will be apparent. But the useful analyses which can
still be performed without these data should also be clear.

The modeling procedures developed for the nationwide assessment will
be discussed in detail. Two levels of sophistication in the assess-
ment are considered: use of STORM for the development of the
parameters used in the assessment methodology described in Section VI,
and use of a very simple runoff prediction technique for the 248
drbanized areas of the nationwide assessment itself. Preliminary to
both is a description of climatological considerations that influence
selection of modeling sites and parameters.

PRECIPITATION ANALYSIS

Any analysis of stormwater runoff must first examine the associated
rainfall patterns and volumes. The intensity, duration, and frequency
of the rainfall have profound effects on the amount of runoff produced.

Precipitation patterns vary widely across the United States. This
variation is found not only in total annual volume, as shown in Figure
IV-1, Mean Annual Precipitation in the United States, in Inches, and
Regional Boundaries used for Nationwide Assessment, but also in the
seasonal distribution as shown in Figure IV-2, Month-to-Month Variation
of Precipitation in the United States. Among the more dominant regional
characteristics are the dry summers on the West Coast, the abrupt changes
in the desert states such as Arizona, the peaks occurring in spring and
winter in the Central Gulf and Ohio Valley states, snd the uniformity of
monthly totals throughout the year .inm the New Emgland scates.

In order to analyze the effect that precipitation patterns have on

runoff patterns, and thus control alternatives, study areas were chosen
which reflected varying rainfall characteristics. The five cities

which were chosen are listed in Table IV-1l, Precipitation Characteristics
of Study Areas, along with the regions they represent and the main char-
acteristics which distinguish each city from the others. Further
discussion of precipitation characteristics 1s presented in Section VI.

RUNOFF  ANALYSIS USING STORM

STORM was developed by Water Resources Engineers, Inc., for the Hydrologic
Engineering Center of the Corps of Engineers.8/% The model was designed for
planning purposes, i.e., for long-term simulation of many storm events using
an hourly time step. For instance, the model has been used to simulate
runoff quality and simple storage-treatment options from a 63-year record

of hourly rainfalls in San Framncisco.
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TABLE IV-1. PRECIPITATION CHARACTERISTICS OF STUDY AREAS

City Region Characteristics
..tlanta, Georgia Southeast Large volume; peaks in
spring
Denver, Colorado Rocky Mountain Low volume
Minneapolis, Minnesota Midwest Large number of events;

uniform distribution

San Francisco, California West Coast Dry summers

Washington, D. C. Northeast Large volume; peaks in
summer and winter

When S5TORM is used for planning, the primary objective is to illustrate the
effect of various storage-treatment combinations at the downstream end of an
entire urban catchment that provide given levels of control. "Level of
control™ may refer to percent of runoff captured, percent BOD or other
polintant removed, number of overflows per year eliminated, quantity of
overflow per year reduced, etc. Use of the model for this primary objective
is described in detail in Section VI of this report, including a discussion
of the methodology employed. Thus, the use of STORM in this study is
deferred to that section.

RUNOFF ANALYSIS USING SWMM

The Storm Water Management Model (SWMM) was developed for the USEPA
in 1969-1970 by Metcalf and Eddy, Inc., the University of Florida,
and Water Resources Engineers, Inc. It was formulated as a design
model, in that a detailed simulation of a single storm event was
desired. This is characterized by relatively short-time steps and
simulation times (i.e., minutes and hours, respectively) and a
relatively high degree of detail in the catchment schematization.
Recently, the SWMM has been adapted to planning purposes as wellio,
but that use was not applied during this research.
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The SWMM methodology, verification and usage are well documented in

the original final reports!l,12,13,1% gnd in more recent publ:Lcai::Lonsls'16
and will not be described here. In general, the SWMM provides a com-
plete description (in both a spatial and temporal sense) of flows and
pollutant concentrations from the point of rainfall, through the surface

and subsurface drainage network, through storage-treatment facilities,
and into the receiving waters.

During formulation of the research plan, it was felt that SWMM would

play the dominant role in fulfilling the modeling needs of the study.

This concept was later revised in light of altered techniques available
for accomplishment of project objectives. In particular, it became
apparent that detailed modeling of a few cities would not suffice when

the nationwide assessment must encompass 248 urbanized areas. Conse-
quently, much simpler means had to be developed for the overall assessment.
In addition, the need for long-term simulation developed (e.g., simulation
periods on the order of years) for which the SWMM, at the time, was un-
suitable. STORM was later adopted for this purpose. Valuable runs of
SWMM were still made on catchments in all of the five test cities as
described briefly in Volume IIL, but they served more to enhance the
model's usefulness than to aid in the assessment. Hence, these results

are being incorporated into updated SWMM documentation (EPA Grant No.
R-802411) and are not presented here,

RUNOFF PREDICTION FOR NATIONWIDE ASSESSMENT

Form of Equation

As discussed, techniques for prediction of runoff quantities vary
from very simple methods of the Rational Method type to sophisticated
models of the nature of SWMM. The technique used in STORM is rela-
tively simple, relying on weighted average runoff coefficients and a
simple loss function to predict hourly runoff volumes. Nonetheless,
because of the nature of the continuous simulation involved, it is at
a considerably higher level, and therefore more complex, than earlier,
desk~top techniques.

‘Due to the complexities and data requirements of STORM, it was not
possible to run the model on all cities of the nationwide assessment,
or even a majority. Rather, it was run only on the five test cities
discussed earlier (plus the Des Moines example of Section VII). How-
ever, in its limited application, useful information was learned
regarding formulation of a simple runoff prediction method for appli—
cation to all the cities of the assessment.

Runoff is a function of meteorologic, hydrologic, topographic and
demographic factors. On an annual basis, many of the factors may be
considered constant, so that runoff is predicted on the basis of dif-
ferences between areas rather than reflecting seasonal variations
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within a year. Hence, the prime meteorologic and hydrologic factor
is annual precipitation, and other factors are incorporated into a
conversion to annual runoff.

These considerations led directly to the use of a simple runoff
coefficient method in which runoff is merely a fraction of rainfall.
This approach has been used successfully by Miller and Viessmanl’ for
runoff prediction on an individual storm basis in urban areas. This
equation was

AR = 1.165(I - 0.17)(P - Ia) (Iv-1)
where AR = runoff, in.,
I = fraction imperviousness,
P = precipitation, in., and
Ia = initial abstractiom, in.

The recommended value of I , which accounts for depression storage,
interception, etc., was be%ween 0.10 and 0.15 in. (0.25 - 0.38 cm)

and the equation was deemed valid for a range of imperviousness between
35 and 80 percent. Extrapolation for use on an annual average basis,
however, may be questionable, particularly in the matter of how much
water should be abstracted out of the cycle on an annual basis. Hence,
an equation will be used that is similar in form to equation IV-1
but which is consistent with the STORM simulation runs, described
in Section VI, on which the overall assessment is based.

b

STORM computes a runoff coefficient, CR, weighted between pervious
and impervious areas by

CR

0.15¢(1 - I) + 0.90 1 (Iv-2)

0.15+ 0.75 1

where I is fraction imperviousness and the coefficients 0.15 and 0.90
are the default values used in STORM for runoff coefficients from per-
vious and impervious areas, respectively. Note that in both equations
IV-1 and IV-2, the effect of demographic factors (e.g., land use,
population density) is incorporated into the imperviousness, I.

Graham et al. (Washington, DC), the American Public Works Association
(Volume ITT), and Stankowski (New Jersey) have developed equations to
predict imperviousness as a function of population density.18,19

The imperviousness is to be estimated for the developed portion of the
urbanized area only. Also the weighted average imperviousness and
population density were calculated for nine Ontario cities.?0 These
results are plotted on Figure IV-3, Imperviousness as a Function of Devel-
oped Population Demsity, along with the three estimating curves. Also, a
tabulation was made of the imperviousness due to streets alone for
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various block sizes as shown in Table IV-2, Effect of Urban Block Size
on Curb Length Density and Imperviousness Due to Streets. These
results are also plotted on Figure IV-3., A comparison of these various
plots and the actual data indicates that the New Jersey!? equation
provides a suitable predictive equation with the population density
def%ned as developed population density. Thus, the equation used to
estimate imperviousness is

(0.573-0.0391 logloPDd)
I=29.6 PDd (Iv-3)

where I = imperviousness, Percent, ang

PDd = population density in developed portion of the
urbanized area, persons per acre.

The simplified equation for estimating annual runoff (AR) is now
AR = (0.15 + 0.75 1/100)P (TV-4)

where = AR = annual runoff, inches/year,

I= imperviousness; percent, from equation IV-3, and

P = annual Precipitation, inches/year.

A comparison of STORM simulated runoff versus calculated runoff

for the five test cities using equation IV-4 indicated that the
average difference is about 0.3 inches (0.76 cm) per year. A
similar comparison in the Ontario assessment indicated a difference
of 0.5 inches (1.27 cm) per year.20 Thus, a correction factor was
added to equation IV-4 to reflect this difference. The final
equation is '

AR = (0.15 + 0.75 1/100)P - 0.3 (IV-5)

Based on equation IV-5, wet~weather flow estimates were made for the
248 urbanized areas for the combined, storm, and unsewered areas.

The results are shown in Table IV-3, Annual Wet-Weather Runoff. Pre-
cipitation data are from reference 21,

Dry-Weather Flow Prediction

Dry-weather flow is predicted based on an average flow of 100 gallons
per person-day (379 litersper person-day). Upon multiplication by
population density and conversion to appropriate units,

DWF = 1.34 PD, / (IV-6)
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where DWF annual dry-weather flow, inches per year, and

PD

q ~developed population density, persons per acre.

Results of these runoff calculations are shown in Table IV-4, Annual
Dry-Weather Flow. '

Dry-weather flow and wet-weather flow for the developed portion of

an urbanized area with a precipitation of 15, 30, or 45 inches per year
are shown in Figure IV~4, Comparative Magnitude of Annual Wete and Dry~
Weather Flows. Note that dry-weather flow predominates at higher
population densities which have historically prevailed in cities. How-
ever, with the trend towards lower density urban living, wet-weather
flows take on greater relative importance. Indeed, they are larger
than dry.weather flows at the lower population densities.
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ABBREVIATIONS AND SYMBOLS

AR Wet-weather runoff, inches per year
CR Runoff coefficient
DWF Abbreviation for dry-weather flow and dry-weather flow runoff,

inches per year

I Imperviousness as a fraction or percent

Ia Initial abstraction (loss) from precipitation, inches
P Precipitation, inches per year

PD Population density, persons per acre

PDd Developed population density, persons per acre
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